In 2008, at the request of the Centers for Disease Control and Prevention (CDC), the Institute of Medicine (IOM) prepared a report identifying knowledge gaps in public health systems preparedness and emergency response and recommending near-term priority research areas . In accordance with the Pandemic and All-Hazards Preparedness Act mandating new public health systems research for preparedness and emergency response, CDC provided competitive awards establishing nine Preparedness and Emergency Response Research Centers (PERRCs) in accredited U .S . schools of public health . The PERRCs conducted research in four IOM-recommended priority areas: (1) enhancing the usefulness of public health preparedness and response (PHPR) training, (2) creating and maintaining sustainable preparedness and response systems, (3) improving PHPR communications, and (4) identifying evaluation criteria and metrics to improve PHPR for all hazards . The PERRCs worked closely with state and local public health, community partners, and advisory committees to produce practice-relevant research findings . PERRC research has generated more than 130 peer-reviewed publications and nearly 80 practice and policy tools and recommendations with the potential to significantly enhance our nation's PHPR to all hazards and that highlight the need for further improvements in public health systems .
Strengthening the preparedness of the United States to prevent, protect against, respond to, and recover from threatened or actual terrorist attacks, major disasters, and other emergencies is a shared responsibility of public and private organizations. The Centers for Disease Control and Prevention (CDC) plays a leading role in preparedness and response activities as well as building and strengthening our national health security. CDC's Office of Public Health Preparedness and Response (OPHPR) works with state, tribal, local, territorial, national, and international public health partners to create the expertise, information, trainings, and tools that public health practitioners, people in communities, and partner organizations need to protect their health from natural and manmade threats. This article provides an overview of the OPHPR's Preparedness and Emergency Response Research Centers (PERRCs) program, the first and only program of the U.S. Department of Health and Human Services (HHS) to use a public health systems research approach to investigate and improve the complex public health preparedness and response (PHPR) system.
Public health systems research is a relatively new field that OPHPR defined operationally for this program as the development and use of methodologies to understand, model, and measure the influence of change in a complex entity comprising interrelated constituent parts. The 2002 Institute of Medicine (IOM) report "The Future of the Public's Health in the 21st Century" conceptualizes a public health system as "a complex network of individuals and organizations that have the potential to play critical roles in creating the conditions for health." 1 The 2008 IOM letter report on public health preparedness (PHP) research priorities emphasized six key public health system actors, or sectors, that critically interact with each other and with the governmental public health infrastructure: the health-care delivery system, homeland security and public safety, employers and business, the media, academia, and communities ( Figure 1 ). 2 Accordingly, the PERRC program used the public health systems research approach to examine and identify strategies to improve the organization, function, capacity, and performance of various public health system components a The filled areas represent the key actors and the empty circles represent the overlap between the key factors, as well as the many less obvious actors that play a significant role in integrating the public health preparedness system . Reprinted with permission from: Institute of Medicine . Research priorities in emergency preparedness and response for public health systems: a letter report . Washington: National Academies Press; 2008 . in preparing for and responding to any and all potential threats and hazards.
GAPS IN PREPAREDNESS AND RESPONSE KNOWLEDGE
The Pandemic and All-Hazards Preparedness Act (PAHPA) of 2006 stated the need to define the existing knowledge base for PHPR systems and establish a research agenda based on federal, state, local, and tribal PHP priorities. 3 At CDC's request, IOM conducted a study to identify gaps in knowledge about public health systems preparedness and emergency response and articulated recommendations for near-term priority areas for research. 2 IOM recommended four priority areas for research to (1) enhance the usefulness of PHP training, (2) improve communications in preparedness and response, (3) create and maintain sustainable preparedness and response systems, and (4) generate criteria for evaluating public health emergency preparedness, response, and recovery, and metrics to measure their effectiveness and efficiency. The report also emphasized the need for the research to address the unique needs of at-risk populations, workforce development, behavioral health, legal and ethical issues, and the use and integration of new technologies.
ESTABLISHMENT OF THE PERRCs
To support the goals of PAHPA, CDC invited applications from accredited U.S. schools of public health to establish the PERRCs. 4 Broadly defined in PAHPAauthorizing legislation and guided by the IOM letter report on research priorities, the PERRC program goal and objectives were further specified by CDC OPHPR. The funding announcement initiating the PERRCs stated that the goal of the program was to use a public health systems research approach to strengthen and improve PHP and emergency response capabilities with five specific objectives ( Figure 2 ). Meritorious applications were identified by an external peer-review process to establish nine PERRCs (seven in September 2008 and two a year later) at accredited schools of public health ($57 million was awarded during a period of six years) to conduct research on preparedness and response capabilities and improvements to federal, state, local, and tribal PHPR systems. An integral part of these centers' work is to help translate study results to public health practice, to directly strengthen federal, state, local, and tribal PHPR activities. Figure 3 lists the awarded schools and the IOM research priority addressed by each PERRC. The PERRC research portfolio covered a variety of geographic and at-risk populations.
PERRC configuration and management
The Extramural Research Program in OPHPR provides programmatic, scientific, and technical assistance to the PERRCs. Each PERRC constitutes an administrative and research development core component and 3-4 investigator-initiated, interrelated, multi-year research projects for a total of 34 major research projects across all PERRCs ( Figure 4 ). In keeping with the Funding Opportunity Announcement requirement for multidisciplinary research projects in each center, the PERRCs' research projects collectively involved investigators from 22 different disciplines, including medicine, health care, social science, government, public health ethics, law, engineering, modeling, and communications ( Figure 5 ). The core component, in addition to providing centralized scientific guidance and financial administration, supported a range in public health practice and that collectively produces improvement in key public health systems in a five-year time frame . 3 . Improve capability assessment for emergency response to rare events and uptake of knowledge to practice such that variability in performance is reduced . 4 . Improve all-hazards performance as a priority over scenario-or agent-based system performance and target changes that can improve everyday public health practice while improving preparedness for disasters and infrequent emergencies . 5 . Leverage the academic research environment at schools of public health (where a broad spectrum of research disciplines reside) to accelerate the development of research methods, standards, best practices, and templates suitable to breakthrough research in public health emergency preparedness systems .
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Exploring the inter-organizational cooperation for creating and sustaining a public health system that is resilient to disasters Throughout the research process, the Advisory Committee for each PERRC provided a critical link to the public health practice community as well as recommendations and guidance on specific research projects. Regularly convened committee meetings pro-vided a venue to validate research objectives and test approaches for communicating research findings in terms that practitioners and the public can understand. The Advisory Committees included members from various sectors and disciplines, including state, local, and/or tribal organizations involved in preparedness and emergency response activities; community liaisons; technical experts; and other stakeholders. These representatives helped ensure that the research was relevant and the results were of practical use for PHPR activities. In many of the research projects, state and local public health practitioners actively collaborated on study activities or served as Advisory Committee members. Some PERRCs also constituted projectspecific Advisory Boards to provide more focused subject-matter expertise to the research. For example, the University of California, Berkeley, PERRC Project "Emergency Preparedness Communication" developed a National Advisory Board with subject-matter experts who were knowledgeable of the preparedness needs of people with impairments in hearing or seeing, and a Community Advisory Board in the local San Francisco Bay Area, whose hearing-impaired members provided Other disciplines that were represented in up to three PERRCs included information and library science, city and regional planning, law enforcement/public safety, emergency medical services, pharmacy, dentistry, veterinary medicine, evaluation science, and psychometrics .
PERRC 5 Preparedness and Emergency Response Research Center a firsthand knowledge of the functional and access needs of hearing-impaired communities. The Advisory Boards guided investigators in their research to develop practical recommendations relevant to specific at-risk communities.
Key research partners
In addition to state and local public health departments, the PERRCs engaged research partners from various sectors including government, academia, communities, schools, hospitals, public safety, media, and faith-based organizations. These partners served in a number of different roles including providing suggestions about improving research methods, developing research surveys, and working with communities. These important partnerships, totaling about 500 across the PERRCs, helped ensure that research results are relevant to policy and practice in PHPR systems. 5
Pilot projects and mentoring of new investigators
The PERRCs supported more than 30 pilot or exploratory projects focused on different IOM research topics and varied in the types of research partners engaged and populations addressed. The PERRCs also engaged in informal new investigator training through the employment of about 200 junior research personnel (primarily students) in PERRC research projects and trained more than 30 new investigators (e.g., postgraduate fellows and faculty members with no prior experience in PHPR research). The PERRC-associated training and mentoring of researchers contributed to the development of a group of future public health systems scientists.
Mid-project evaluation
As a requirement for continued funding, OPHPR organized a comprehensive mid-course evaluation of the PERRCs. OPHPR's Board of Scientific Counselors, which oversees OPHPR's research, scientific, and programmatic activities, created an ad hoc workgroup to conduct the review in summer 2012. The workgroup assessed the program's relevance, effectiveness, impact, and significance in relation to in-progress research activities and findings addressing the IOM priorities and crosscutting themes, and OPHPR's objectives for the PERRCs (Figure 2 ). The review also included input from key partner organizations (i.e., Association of State and Territorial Health Officials, National Association of County and City Health Officials, and Association of Schools and Programs of Public Health) to provide the ad hoc workgroup with a practice-oriented view of the PERRC research work. Evaluation results indicated that the PERRC program has helped to build a scientific evidence base for preparedness and response practice. The workgroup noted that PERRCs in general had shown excellent progress, as indicated by the ever-growing list of PERRC publications (available at www.cdc.gov/phpr/science/updates.htm) and evidence-based tools. The workgroup also provided several recommendations, including a call for continued active support of this relatively new research field. 5
Realization of the PERRC program objectives
There is evidence that PERRC research objectives (Figure 2) to strengthen and improve PHP and emergency response capabilities have been realized. 5 Following are a few examples.
The nine academic centers established by the PERRC program launched a PHP research enterprise. Figure 5 shows the variety of disciplines that have been engaged in the PERRCs to bring diverse perspectives and innovative approaches to the research. Public health, clinical medicine, health-care services, law, engineering, mathematics, and other expertise contributed to a robust systems research approach across all the PERRCs that has resulted in practical insights concerning, for example, PHP communication systems, 6-11 cross-sector partnerships and collaboration, [12] [13] [14] [15] [16] the preparedness policy and legal environment, [17] [18] [19] workforce challenges, [20] [21] [22] [23] [24] [25] and performance evaluation and improvement. [26] [27] [28] Responding to the H1N1 pandemic that emerged within the first year of funding for these new research centers, several of the PERRCs pursued research that contributed to the pandemic response. The H1N1 pandemic-related studies yielded numerous outcomes that can be used to guide future responses to pandemics and other public health emergencies, including enhanced local health department surveillance capabilities, 29, 30 models to assist local decisions about school closures, 31 strategies to address barriers to vaccine uptake among ethnic and minority populations, 32 and a Web-based gaming application to educate teens about disease spread and preventive measures. 33 These and other timely studies illustrate the program's responsiveness to the second PERRC program objective ( Figure 2 ) of providing new applied knowledge for public health practice, available for uptake to improve public health systems within the five-year project time frame.
The PERRCs addressed the third program objective by conducting critical research to develop evaluation methods, metrics, and modeling approaches that can be used to support capability assessment and reduce system performance variability. Examples of capability assessment strategies developed by the PERRCs included a toolkit to evaluate Medical Reserve Corps performance 34 and studies examining how to better use after-action reports [35] [36] [37] and exercises [38] [39] [40] [41] [42] for performance improvement. PERRC research pursued modeling of various PHP system phenomena, including mass evacuation, 43 the impact of different vaccine distribution strategies, 44, 45 infectious disease progression in a population, 46, 47 and effects of variation in mitigation strategies, such as the impact of different school closure approaches. 31, [45] [46] [47] [48] [49] [50] Broad incorporation of modeling findings into policy and practice could reduce system performance variability by helping to standardize guidance for preparedness planning.
Relative to the fourth program objective, findings from PERRC research indicate correlations between improvements in all-hazards preparedness performance and improvements in everyday public health practice. One study found that public health department accreditation and other performance improvement programs have a significant and positive effect on preparedness capacities. 51 In another study, research to enhance emergency operations center staff performance yielded more effective teams that enabled a state health department to maintain operations when staffing was severely reduced for a short period. 52, 53 Yet another study provided evidence that a state could use a regional preparedness and response team to provide effective training and support to local health departments and save costs. 29 The many PERRC research outcomes addressing community resilience provide clear examples of outcomes that not only have the potential to improve all-hazards performance and target preparedness enhancements, but can also improve everyday public health practice by boosting local capacity to deliver an array of public health services. For example, findings from an investigation to build faith-based organizations' capacity to perform psychological first aid and disaster planning indicated that the intervention enhanced mental health services provisions for everyday personal and family crises as well as during disasters. [54] [55] [56] Elsewhere, findings from an assessment of vaccine-associated adverse event reporting were applied to improve vaccine safety communication during both routine and pandemic vaccination activities. 57 The multidisciplinary research conducted by the PERRCs addressed the fifth program objective by yielding innovative approaches to support breakthrough research in PHP systems. Examples of innovative PHPR research include the use of social network analysis to examine the relationships among public health system actors as defined by state-level statutes, regulations, and policies for emergency events; 58 an examination of characteristics of effective collaboration in academic-community partnerships for preparedness and response; 59, 60 and a novel approach to building capacity for public mental health emergency planning and response through collaboration between health departments and faith-based organizations. 54, 56 These examples and other findings described in this supplemental issue of Public Health Reports demonstrate that the goals and objectives of the PERRC program have been realized by the funding of nine newly formed schools of public health-based research centers during a six-year period. The new knowledge resulting from PERRC research that can be applied to PHPR practice is described in several articles in this supplement and elsewhere. 61 The research findings generated by these centers support ongoing efforts to strengthen national health security and the nation's response to and recovery from acts of terrorism, natural disasters, infectious disease outbreaks, and other threats to public health.
PROGRAM OUTCOMES: FROM RESEARCH TO PRACTICE
The 34 individual research projects conducted by the PERRCs during the program's first four years generated more than 130 peer-reviewed publications and nearly 80 practice tools for use in PHP practice to date. The PERRC grant program defines an evidence-based PHP "practice tool" as a practical and usable instrument, intervention, program, policy, strategy, messaging, or practice that facilitates the incorporation of sciencebased knowledge into PHP practice or policy-making for the improvement of PHP system capabilities or performance. Each tool is supported by specific research evidence indicating its effectiveness. Information regarding these PHP practice tools has been regularly presented at PHP conferences, published in the scientific literature, and shared on PERRC or other websites. These tools have been developed and tested in collaboration with health departments and other PHP system partners, including input from respective PERRC Advisory Committees. Figure 6 displays the number of PERRC tools that address each of the 15 PHP capabilities 62 and each at-risk population (defined by the HHS Assistant Secretary for Preparedness and Response). 63 Figure 6 also presents a list of categories most frequently associated with the PERRC tools. Many of the PERRC tools address two or more capabilities, with each of the 15 capabilities addressed by at least four (e.g., laboratory testing) and up to 67 (e.g., community preparedness) PERRC tools. The tools generated by the five PERRCs could be used to address the needs or improve the preparedness and response of all five categories of at-risk individuals. 63 PERRC practice tools also focus on specific at-risk populations, such as pregnant women and workers with occupational risks. The most frequently noted tool categories suggest that the PERRC tools represent a variety of assistive approaches, including training, data collection/analysis, modeling/simulation, and evaluation and measurement aids. Overall, the nine PERRCs have collectively generated a diverse portfolio of evidence-based interventions for PHP practice that provide at least some coverage of the full range of PHP capabilities and at-risk populations.
True achievement of the five PERRC program objectives rests upon the more fundamental aim of creating new knowledge for application in public health practice that will produce PHP system improvements in the near term. CDC explicitly shaped and focused the PERRCs' research activities in the program's fifth and sixth years to foster translation of the research findings to PHP practice.
In the program's fifth year, PERRCs were directed to focus on translation strategies in their research. The nine PERRCs elected to pursue translation-focused activities on 22 of their original 34 individual research projects. Most PERRCs collaborated with practice partners to pilot a research outcome in one or more additional PHP practice settings, and evaluated the effectiveness of the research outcome's application. Five PERRC projects investigated extending the reach of their research outcomes by developing and implementing approaches that generalize or transfer research findings to a broader community. Investigators on two additional projects chose to further elaborate on an innovative outcome or aspect of their completed research findings to add impact or value to preparedness and response practice expected beyond outcomes of the original research effort.
In the sixth and final year of the PERRC program, grantees were asked to extend the PERRC research outcomes to other jurisdictions or populations through the use of technological or other innovative strategies to enable widespread dissemination and uptake of PERRC research products by state and local health departments. The PERRCs are primarily developing Web-based applications, training, portals, and/or dissemination strategies to make research findings broadly accessible; two PERRCs are also examining mobile device applications to deliver public health communication interventions and tools. Grants supporting 34 multidisciplinary PHP research projects, research translation, and other PERRC activities yielded dozens of evidence-based tools and outcomes, many of which were refined, elaborated, and further tested in collaboration with additional public health practice organizations. In the future, many of these preparedness and response tools will be available via Internet-and mobile-based technologies for public health program access and adoption. Additional systematic effort will be needed to promote further translation and adoption of the PERRC program's research findings into practice.
CONCLUSIONS
Significant investments by government agencies, including CDC, in core PHPR capabilities have improved our nation's ability to successfully prevent, mitigate, respond to, and recover from incidents with potentially negative health consequences. The PERRC program represents the first major federal investment in public health systems research to address preparedness and response knowledge and performance gaps. The PERRCs established a strong foundation for allhazards PHPR-related research and embody a network of preparedness-focused researchers and practitioners. The PERRC programs fostered a research infrastructure that supported the training of a new generation of public health systems investigators and developed evidence-based knowledge that can improve preparedness and response program performance. As noted in the mid-project evaluation report, the PERRCs have contributed to the scientific body of evidence for preparedness and response practice. 5 By design, the PERRCs established multidisciplinary Advisory Committees and worked closely with state and local public health partners, community organizations, and other public health system partners to identify and conduct public health practice-relevant research intended to improve system performance. Following this investment of time, intellect, and energy, it is now necessary to ensure the translation and application of the PERRC program's research findings to improve our nation's health security.
